He plasmas could be used in order to avoid activating the machine. The main ICRH scenarios foreseen for ITER 4 He plasmas are ( 3 He) 4 He and (H) 4 He. ICRH experiments have been carried out on JET using 4 He plasmas to validate these scenarios. At the same time, conditions for access to H-mode in plasmas of various isotope compositions from dominantly 4 He to dominantly D have been studied. Experiments have also been carried out for the first time in 4 He plasmas with the ICRF power added to 4 He neutral beam injection at the third harmonic of 4 He in order to produce a 4 He tail for alpha particle studies.
1.INTRODUCTION
Heating with electromagnetic waves in the Ion Cyclotron Range of Frequencies (ICRF) is a well-established method for auxiliary heating of present-day tokamak plasmas and is envisaged as one of the main heating techniques for the International Thermonuclear Experimental Reactor (ITER) and future reactor plasmas. ICRF heating scenarios to be used in ITER D-T plasmas have been studied in detail on TFTR [1] , and JET. For the initial non-activated phase of ITER, H plasmas are at present envisaged. A disadvantage of H plasmas is, however, that twice as much power as in D plasmas is required for access to the H-mode. Alternatively, 4 He plasmas could be used in order not to activate the machine. The main ICRF heating scenarios foreseen for ITER 4 He plasmas are: (a) (H) 4 He, which is the most promising ITER scenario in 4 He, covering a magnetic field B range of 3-5 T (b) ( 3 He) 4 He, which is important for ITER at higher B, e.g. at 5.3 T.
Here, the standard notation giving minority species in the parenthesis followed by majority ion species is used. These scenarios are unusual and the experimental database rather limited. In order to validate them ICRF heating experiments have been carried out on JET using 4 He plasmas. A large number of new ICRF physics results were obtained with the ( 3 He) 4 He scenario which was studied systematically for the first time on JET, by scanning the He, minority H, and second harmonic H) in 4 He were assessed and found to be similar to those in D. All these scenarios triggered an H-mode. Preliminary analysis based on these pulses shows that the L-H mode power threshold is about 65% higher in 4 He than in D. Experiments were also carried out for the first time in 4 He plasmas with ICRF power added to 4 He neutral beam injection (NBI) at the third harmonic of 4 He. The aim of these experiments was to produce a 4 He tail for alpha particle studies. The results from these experiments are reviewed, including evidence for an alpha tail, competing absorption mechanisms and excitation of Alfv n eigenmodes. Although alpha particles in these experiments are not fusion-born, they form a good starting point for further experiments on alpha particle effects, in view of alpha particle studies in D-T plasmas.
( 3 He) 4 He AND ( 3 He)D SCENARIOS
The ( 
Direct Evidence for ICRF-Induced Pinch of 3 He Minority Ions
The ICRF-induced pinch arises due to the change in toroidal momentum a trapped ion undergoes when interacting with the magnetosonic wave, resulting in a shift in the radial positions of the turning points of its orbit. If toroidally asymmetric ICRF waves are used, the resulting spatial pinch of the trapped ions is either inwards or outwards depending on the toroidal direction in which the launched wave propagates. Earlier, indirect evidence of ICRF-induced pinch of hydrogen minority ions has been obtained on JET based on differences in the sawteeth behaviour, line-integrated proton distribution functions and Alfv n eigenmode activity. In the present experiments, the radial profile of fast 3 He ions was measured directly during high power 3 He minority heating with a gamma emission profile monitor. This diagnostic is sensitive to gamma ray emission in the energy range of 1.8-6 MeV; the main reaction giving rise to gamma rays in the present experiments is 12 C( 3 He, pγ) 14 N. Figure 1 shows the radial extent of the gamma ray emission at its half maximum as measured with the gamma emission profile monitor in two 3.45T/1.8 MA discharges. In both discharges 7 MW of ICRF power was tuned to a central 3 He minority resonance with n( 3 He)/n e ≈1-2%, but in one discharge the waves were launched in the co-current direction (+90 o phasing) while in the other discharge the waves were in the counter-current direction (-90 o phasing). The radial extent of the gamma ray emission for -90 o phasing is about 50% wider than for +90 o phasing, clearly indicating that the radial profile of fast 3 He ions is more peaked with +90 o phasing. The emission for +90 o phasing is shifted to the low field side, as expected for inward pinch that can produce non-standard passing particles on the low field side. Further confirmation is obtained from sawteeth and excitation of Alfv n eigenmodes (AEs) as in earlier H minority experiments. With +90 o phasing toroidal and elliptical AEs were observed for the first time during 3 He minority heating on JET. Here, it should be noted that the excitation of AEs by energetic ions is easier in 4 He than in standard D plasmas. This is because for a given electron density and ion temperature, the ratio of the Alfv n velocity to the thermal velocity of ions is higher in 4 He than in D, giving rise to a smaller damping rate of Alfv n waves due to thermal ions in 4 He. o phasing, no signs of AEs were observed. From the measurements of diamagnetic energy content (W DIA ) and background plasma density and temperature, the perpendicular fast ion energy content, W ⊥,fast , is estimated to be about 0. 5 
Assessment of the Mode Conversion Regime
As n( 3 He)/n e was increased with 3 He puffs from 1-2% to the range of 20%, the 3 He tail was observed to diminish and finally disappear using gamma ray emission spectroscopy, as expected. The direct electron power deposition was deduced by Fourier and break-in-slope analysis of fast spatially-resolved ECE electron temperature data during ICRF power modulation; the two methods gave similar results. With increasing 3 He puff, a transition from a rather broad central to more peaked off-axis direct electron power deposition was observed, as expected (Fig.2) . In these 3.45T/1.8 MA discharges, ICRF power, applied with a frequency of 37 MHz to place the 3 He resonance on the HFS at 2.8˚m, was square-wave modulated with amplitude of 50% and frequency of 20 Hz. Modulation of T e due to direct electron power deposition is caused by the MC layer on the same flux surface on the high-field side and by direct electron damping of the fast wave in the plasma centre. By integrating the measured direct electron deposition profile over the volume, a lower estimate for direct electron damping is obtained due to e.g. the finite spatial coverage of T e measurements. For discharges in Fig. 2 direct electron damping thus obtained increases from 15 to 70% of the launched ICRF power when moving from central to most off-axis deposition.
With the 3 He resonance layer inside or close (i.e. within 10 cm) to the q=1 surface, the character of sawteeth changed from discharge to discharge as 3 He puff before the application of ICRF power was increased. At low of the launched ICRF power is obtained by integrating the measured deposition profile over the volume. With a target T e increased from 3.5 keV to 4.5 keV by 3˚MW of LHCD power, the off-axis MC power deposition profile was found to broaden. He concentration for MC, the wave field becomes strong with a large |E − /E + | ratio due to the shielding of the E + component. In such conditions ion damping of the fast wave, dominated by the E − component, is analogous to third harmonic damping. It is also possible that knock-on effects play a role to enhance D damping.
Preliminary calculations of MC, based on coupling of the full-wave ALCYON code and the ray-tracing RAYS code, for the discharge in Fig.3 indicate comparable direct electron power deposition profiles (Fig.4 ) to those measured (Fig.3(b) ). For the chosen toroidal mode number N=14, which represents the maximum of antenna power spectrum, the phase velocity of the waves in the MC layer is close to the electron thermal velocity, giving rise to strong electron damping in the immediate vicinity of the layer. In these conditions the IBW rays evolution does not lead to significant modification of the power deposition and the broadening of the direct electron damping profile is mainly due to the vertical extent of the MC layer. The ratio of the calculated 3 He ion to electron power deposition is about 10%. 
